A localized molecular orbital description ͑LMO͒ for the electronic states of transition metal ͑TM͒ noncrystalline silicate and aluminate alloys establishes that the lowest conduction band states are derived from d states of TM atoms. The relative energies of these states are in agreement with the LMO approach, and have been measured by x-ray absorption spectroscopy for ZrO 2 -SiO 2 alloys, and deduced from an interpretation of capacitance- 1 Interest in these alloys derives from their high dielectric constants, k, relative to SiO 2 , as well as their good thermal stability. Higher values of k allow use of physically thicker films to obtain the same effective capacitance as in SiO 2 devices, and thus provides potential for significantly reduced direct tunneling. However, decreases in tunneling are mitigated in part by lower conduction band offset energies that define the barrier between the c-Si substrate and the dielectric.
Noncrystalline alloys of group IIIB, IVB, and VB transition metal ͑TM͒ oxides with SiO 2 and Al 2 O 3 , have been proposed as alternative gate dielectrics for advanced Si devices. 1 Interest in these alloys derives from their high dielectric constants, k, relative to SiO 2 , as well as their good thermal stability. Higher values of k allow use of physically thicker films to obtain the same effective capacitance as in SiO 2 devices, and thus provides potential for significantly reduced direct tunneling. However, decreases in tunneling are mitigated in part by lower conduction band offset energies that define the barrier between the c-Si substrate and the dielectric. 2 This letter identifies a relationship between conduction band offset energies with respect to c-Si, 2,3 and the energy difference between the TM atomic nϩ1 s and n d states providing a useful guideline for selection of alternative gate dielectrics.
The calculations in Ref. 2 demonstrated that the lowest conduction bands in crystalline TM oxides are derived from atomic d states of TM atoms. The experimental results of Ref. 3 and this letter, and the localized molecular orbital ͑LMO͒ model results presented below show that this assignment is not restricted to crystalline oxides, but applies more generally to noncrystalline TM oxides as well. In the LMO model, orbital energies of the lowest antibonding TM d states are determined predominantly by the coordination and symmetry of the TM atom, and are at energies approximately equal to the normalized TM atom d states. 4, 5 Figure 1 displays x-ray absorption spectra ͑XAS͒ for a series of Zr silicate alloys, (ZrO 2 ) x (SiO 2 ) 1Ϫx , as obtained at beam line U4B at the National Synchrotron Light Source. Based on dipole selection rules, spectral features are assigned to transitions between M 2,3 p-core states of the Zr atoms, and conduction band states derived from 4d ͑a and b, and aЈ and bЈ͒ and 5s ͑c and cЈ͒ Zr atomic states. The local bonding of Zr and Si atoms in these alloys has been addressed in Refs. 6 and 7. Plasma-deposited films prepared at 300°C are noncrystalline alloys with Si-O and Zr-O bonds, but no detectable Zr-Si bonds. 8 After annealing at 1000°C, the xϭ0.5 alloy separates into amorphous SiO 2 and crystalline ZrO 2 , and the xϭ1.0 end member, ZrO 2 , also crystallizes. The energies of features highlighted in the XAS spectra of Fig. 1 are independent of alloy composition and crystallinity to within an experimental uncertainty of Ϯ0.1 eV. coordinated. These spectra demonstrate ͑i͒ narrow widths for the lowest conduction bands associated with TM d states, and ͑ii͒ an energy gap between the 3 d-and 4 s-derived bands. Similar features are also evident in Fig. 1 in both crystalline and noncrystalline films. The symmetry designations of the first two antibonding bands labeled a and b, and aЈ and bЈ in Fig. 1 , with e(*) and T 2 (*) symmetry, respectively, are reversed with respect to TiO͑S͒ 2 , due to differences in TM coordination, 4, 6 four at low Zr concentrations and increasing to eight at higher concentrations, 7 as compared to six in the Ti materials. 8, 9 The next conduction band, c and cЈ in Fig. 1 , is derived from TM s states, and is independent of coordination.
In the LMO model of Fig. 2 , the top of the valence band is at the orbital energy of an O 2p state. The lowest conduction band state is associated with an antibonding TM * d state and is at an energy approximately equal to the TM atomic d-state energy. The energy difference between the lowest conduction edge, t 2g (*), and the bottom of the a 1g (*) band scales with the difference in energy between the TM atom nϩ1 s and n d states. Similar LMO energy level schemes apply to octahedrally coordinated TM dichalcogenides in which S and Se replace O. 10, 11 Figure 3͑a͒ displays optical band gap versus atomic p-state energy of O, S, and Se, respectively, for HfO 2 , HfS 2 , and HfSe 2 , 2,10 and MnO, MnS, and MnSe. 11 The linear scaling is consistent with the LMO model. 12 Scaling is extended in Fig. 3͑b͒ to band offset energies, where comparisons are made between the LMO theory and reported results. 2, 3 The band conduction band offset energy between Si and a high-k dielectric defines the barrier for direct tunneling, and/or thermal emission from an n ϩ Si substrate into the dielectric. In a TM alloy such as Al 2 O 3 -Ta 2 O 5 , or SiO 2 -ZrO 2 , the offset also defines the relative energy of possible TM trapping states. 13 Since the energies of TM metal nϩ1 s states are at about the same energy, approximately Ϫ5.5Ϯ0.2 eV, for TMs being considered for gate dielectrics, e.g., Hf, Zr, and Y, and since nϩ1 s -n d state energy differences are in excess of 1.5 eV, this anticipates an additional scaling relationship between the conduction band edges of c-Si and TM oxides and alloys as shown in Fig. 3͑b͒ .
Interpretation of electrical data for capacitors with Al 2 O-Ta 2 O 5 dielectrics also shows that relative energies of Ta antibonding d states are not significantly changed by alloying. 13 For example, the plot of leakage current versus 1/temperature in Fig. 4 indicates two distinct activation energies. In the context of Fig. 2 , and as discussed in Ref. 13 , the activation energy of ϳ0.3 eV in the low temperature regime is for electron injection into interfacial traps associated with antibonding Ta d states. The ϳ1.5 eV activation energy at higher temperatures is associated with emission out of these localized Ta traps into extended conduction band states with Al 3s(*) character as in a Poole-Frenkel transport process. The activation energies are consistent with x-ray photoelectron spectroscopy ͑XPS͒ determinations of band offset energies for noncrystalline Ta 2 O 5 and Al 2 O 3 . 3 This letter has presented experimental data in Fig. 1 consistent with the MO model. The LMO calculations indicate a spatial localization of antibonding d states on the TM atoms with a minimum energy approximately equal to the n d atomic state. The LMO model predicts that band gaps of the oxides, sulfides, and selenides for a given TM atom will scale with the anion atomic p-state energy as shown in Fig.  3͑a͒ . Band gaps of ϳ3.0 eV for TiO 2 , and ϳ5.5-6.0 eV for ZrO 2 and HfO 2 are consistent with the respective d-state energies of Ti, Zr, and Hf, Ϫ11.05, Ϫ8.46, and Ϫ8.14 eV. 13 The results of Fig. 3͑b͒ are of particular importance for advanced Si devices. First, they show that the band offset energy for tunneling scales with atomic properties with obvious extensions to rare earth atom lanthanide oxides, Gd͑Dy͒ 2 O 3 . They demonstrate that energies of localized d states in elemental TM oxides scale with the energy difference between the Si conduction band and the TM atomic d state, thereby providing an important atomic metric for high-k gate dielectric evaluation and selection. The larger the energy separation between TM atom nϩ1 s and n d states, ͑i͒ the larger the conduction band offset energy between Si and a TM oxide, and therefore ͑ii͒ the lower the barrier for direct tunneling and/or interfacial and bulk electron trapping, each of which is important for device performance and reliability. However, there is an additional factor to consider in TM silicate and aluminate alloys. The AES data of Ref. 14 indicate systematic shifts in the energies of the Ta and Al p states as a function alloy composition. Recent synchrotron x-ray photoelectron spectroscopy ͑SXPS͒ studies reveal these shifts as well. 15 The data in Fig. 1 demonstrate that the lowest unoccupied d states in TM metal silicate alloys are fixed in energy with respect to relatively deep core states. Therefore, alloy effects are also expected in the band offset energies. Based on the SXPS studies, 15 these offset energies for TM d states in silicate and aluminate alloys are expected to be a function of the chemical bonding environment of the alloys. For example, since the electronegativity difference between Ta and Al is small, ϳ0.1 on the Pauling scale, the shift is expected to be small, ϳ0.1 eV, consistent with results in Fig. 4 . However, electronegativity differences between Zr and Si are larger, ϳ0.5-0.6, and the energy of the Zr unoccupied d states in Zr silicate alloys is anticipated to be several tenths of an eV smaller than the band offset between Si ZrO 2 .
Note added in proof: The calculations presented in Ref.
3 predict approximately equal conduction band offset energies with respect to Si for Zr͑Hf͒O 2 and Zr͑Hf͒SiO 4 ; however, XPS studies of our group, 16 and Ref. 17 indicate that the Zr 3d state binding energy is more than 0.5 eV larger in ZrSiO 4 than in ZrO 2 ; i.e., it is more negative. This counter-intuitive difference is consistent with the principle of electronegativity equalization; i.e., the charge transfer out of Zr is larger in ZrSiO 4 than in ZrO 2 because the electronegativities of Si and O are each larger than that of Zr. 18 The results in Fig. 1 13 Since the electronegativity difference between Ta and Al is smaller than the corresponding differences between Si, and either Zr or Hf, smaller changes in the XPS binding energies of Ta and Al with alloy composition are predicted and observed. 13 This means that the conduction band offset energey of the Ta antibonding d state should have a relatively small compositional dependence as has been discussed with respect to results in Fig. 4 . In contrast, the corresponding offset energy of a Zr͑Hf͒ antibonding d state in a Zr͑Hf͒ silicate alloy should be reduced with respect to the offset energy between Si and Zr͑Hf͒O 2 by a larger and compositionally dependent energy, anticipated to be approximately 0.3 to 0.5 eV in the SiO 2 -rich silicate alloy regime.
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